The present study was designed to explore the effects of environmental oxygen as a possible regulator of cardiac cell division and growth. Trypsindispersed heart cells from the ventricles of chick embryos 8 to 12 days old were grown in culture at 37°C in a nutrient medium (NCI) with 10% fetal calf serum. They were exposed to constant 5% CO 2 gas environments in which the percent of O 2 was varied. Net protein synthesis increased progressively as O 2 was reduced from 80% to 2 to 5%. After the first 24 hours, little further protein synthesis occurred in plates grown in 80% Cv The rates of cellular incorporation of 14 C-amino acids and uridine-2-14 C increased progressively as the fraction of O 2 was reduced. In cells grown at 80% O 2 , incorporation of uridine-2-14 C into RNA was impaired before that of 14 C-amino acid into protein.
• High oxygen tensions strikingly suppress the rate of growth in tissue culture of various cell types (1, 2) . Few studies clarify the effects of low oxygen tensions on growth of cell strains in general in tissue culture or, more specifically, on the graded growth responses of cardiac or skeletal muscle cells to oxygen tensions which vary over a wide range. The present studies provide such data and document the striking regulation of cell division by oxygen. The study represents the first of a series designed to explore the possible role of environmental oxygen as a potential physiological regulator of cardiac cell division and growth.
The ventricles from hearts of White Leghorn chick embryos 8 to 12 days old were finely minced and dissociated into single cells using one of two trypsinizing procedures. According to the method of DeHaan (3), hearts were treated for four successive 8-minute periods in 0.05% trypsin (GIBCO) made up in calcium-and magnesiumfree Hanks solution at 37°C. The first cellcontaining supernatant fraction was discarded and that from the last three treatments was pooled and transferred to test tubes containing excess cold NCI nutrient media (GIBCO) supplemented with 10% fetal calf serum. The pooled cell suspension was filtered through 110 mesh nylon to remove large cell clumps and then was centrifuged at 300 g for 10 minutes.
The supernatant fraction was then discarded and the pellet of cells resuspended in complete media. The cells in suspension were counted on a hemocytometer slide and further diluted with nutrient medium to standard concentrations. Tissue culture dishes 60 X 15 mm (Falcon Plastics) containing 5 ml NCI with 10% FCS were innoculated with from 3 X 10 s to 1 X 10 8 cells. A similar, simplified technique in which hearts were treated with 0.25% trypsin in calciumand magnesium-free Hanks solution for a single 10-minute period at 37° gave almost identical cell suspensions with regard to cell viability and percent of beating cells.
Fibroblasts from embryo legs were obtained by mincing thigh muscle together with adjacent connective tissue. Trypsinization and preparation of the cells for culture were identical with the procedure used to prepare heart ventricle cells. These plates were routinely subcultured after 5 to 7 days, using 0.25% trypsin and, after several passages, were tested for their responsiveness to varying oxygen concentrations. After several passages, the cell cultures become quite uniform in composition and contain highly mobile fibroblasts when viewed by time lapse cinematography.
Human skin fibroblasts were obtained from cultivated strains developed from serial transfers of cells obtained from human skin biopsies. 1
CULTURE OF HEART CELLS
Tissue culture plates were incubated in specified gas environments at 37°C in plastic chambers 1 foot square placed within a Forma CO 2 incubator. The gas mixtures used consisted of constant 5% CO? (to maintain pH), varying fractions of O 2 (80%, 40%, 20%, 15%, 10%, 5%, 2%, and 0%), and nitrogen. The premixed gases were led into the incubator and bubbled into the individual plastic chambers through a layer of water at the bottom of the chamber. Cultures were then allowed to grow 18 to 96 hours, but usually were analyzed at 24 hours, 48 hours, or 72 hours after plating. Of the individual cells in such cultures, 5 to 25% exhibited intrinsic rhythmic contractions when viewed at 37°C 18 to 24 hours after the start of growth. Beating cells, although present in cultures grown in 80% oxygen, were less frequently seen.
CINEMICROGRAPHY
To measure cell cycle times directly for various cell types when exposed to gas mixtures of varying oxygen concentration, growth of the cultures was followed with time lapse and normal speed photography using phase-contrast optics.
CHEMICAL DETERMINATIONS
Total protein content of the tissue culture plate was determined by Oyama and Eagle's modification of the Lovvry method (4). The monolayer of cells was washed with ice-cold Hanks solution four times, dissolved directly in the plate in alkaline copper reagent, transferred to test tubes, and analyzed. !The fibroblasts were provided by Dr. B. S. Danes.
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INCORPORATION OF RADIOACTIVE PRECURSORS
At appropriate times, tissue culture plates were pulsed either with uridine-2-14 C or L-leucine-14 C (New England Nuclear; specific activities 50 to 55 mc/mM and 278 mc/mM, respectively). To measure the rate of incorporation into RNA, cultures were overlaid with 1 pec uridine-2-14 C and incubated for 30 minutes at 37°C. Incorporation was stopped by decanting the pulsing media, washing the monolayer three times with ice-cold Hanks solution, and dissolving the cells in 1 ml of 2% sodium dodecylsulfate. After 10 minutes at room temperature, the fluid was transferred to test tubes and trichloroacetic acid added (1 ml of a 25% solution) to precipitate the nucleic acids. The precipitate was collected on Millipore filters and counted in an end-window gas flow counter to a standard error of less than 2%.
To measure the rate of incorporation into protein, L-leucine- 14 C was added to the monolayer cultures and incubated for 10 minutes at 37°C. Incorporation was stopped and the plates rinsed as described above. The cells were then dissolved in 1 ml of I N sodium hydroxide. After 10 minutes at room temperature, 1 ml of 40% trichloroacetic acid was added to precipitate the cell protein.
The precipitate was collected on Millipore filters and counted as noted above.
Actinomycin-D (1-5 yu.g/ml) was used in a group of incorporation experiments to block new RNA synthesis and to assess the biological halflife of the polyribosomal complex (and presumably mRNA).
Results
Stepwise enhancement of cardiac cell growth occurs in tissue culture as the fraction of oxygen in the environment is reduced progressively from 80% to 2 to 5%. Figures 1 and 2 depict individual experiments illustrating the vigorous growth at low concentrations of oxygen (both in cell number and accumulation of protein). When grown in 2 to 20% oxygen, such growth and protein accumulation is exponential for about 4 days. All experiments were done within this time period. The stimulatory effects of low oxygen tensions are manifest mainly by an increased rate of cell proliferation. At such tensions, the increase in net protein accumulation also reflects mainly the increased number of cells since cell size remains fairly constant (Fig. 2) . In 20% oxygen the population doubling time for cell division as well as for net protein 
Representative areas of cultures of ventricle cells from 8-day chick emhryo hearts grown for 48 hours in 10% oxygen (left) and in 80% oxygen (right).
Effect of varying oxygen concentrations on net protein accumulation (A and B.) and on cell division (C) in three experiments.
In C (where cell number is plotted) cells were grown for the first 22 hours in 20% and 80% oxygen. Medium then was decanted in all plates and new medium, equilibrated with the appropriate gas mixture, added. Some of the plates originally grown in 80% oxygen were then transferred at the time indicated by the arrow to a 20% oxygen environment and grown in this for the next 48 hours (broken line). synthesis is usually 20 to 30 hours. Stimulation of the rate of growth reaches a maximum in gas environments containing between 2 and 5% oxygen, but decreases precipitously as the oxygen concentration approaches zero. At near zero oxygen tension the pH of the medium falls rapidly despite frequent renewal of medium; lactic acid accumulates; and, after an initial period of slow growth (24 to 36 hours) the cells cease to grow and die. The initial growth in 0% oxygen may be due to trace amounts of oxygen contained in the commercial nitrogen or in the medium, which, despite being subjected to high vacuum, may not have been completely degassed.
Figures 2A and 2C also illustrate the marked inhibition of growth at high oxygen tensions. At 80% oxygen, cell growth continues, although more slowly, for 24 to 48 hours, after which growth ceases. Cells grown at high oxygen concentrations tend to be more elongated and slightly larger than those grown at lower oxygen concentrations, a finding consistent with that of others (1, 2) . The inhibition of growth in 80% oxygen can be reversed only partially. Plates transferred from 80% to 20% oxygen after 20 to 24 hours continue to grow for the next 48 hours but at a much reduced rate compared with control plates grown in 20% oxygen (Fig. 2C ). This growth-inhibiting effect of high oxygen concentrations is not due to oxidation of original components in the growth medium, since preincubation of medium alone without cells in high oxygen concentrations for several days does not alter subsequent growth when cells are added and then grown in lower oxygen environments. Moreover, frequent changes of the medium do not alter the inhibition of growth by high oxygen. The same findings were reported in cultures of mouse fibroblasts (1).
CINEMICROGRAPHY
As described by Mark and Strasser (5) and DeHaan (3) the cells morphologically grouped themselves into two major types: thin, transparent, well-spread endothelioidlike (F) cells, and thick, spindle-shaped, granular (M) cells. Cells of the F type usually did not beat and demonstrated great mobility. They wandered rapidly into and out of the field being photographed with ameboidlike locomotion and divided frequently. The spontaneously beating cell, on the other hand, was relatively fixed in position and was not seen to divide. Thus, despite characteristic differences, time-lapse photography was not useful to measure cell cycle times accurately.
To supplement the data on the effects of oxygen on protein accumulation and to better localize the step at which oxygen acts to inhibit such protein accumulation, experiments to assess the rate of incorporation of Lleucine- 14 C into protein and uridine-2-14 C into RNA were carried out. Incorporation of both radiolabeled precursors into cells grown for 24 to 48 hours increases in linear fashion during the first 75 minutes at all oxygen concentrations measured (Fig. 3 ). As with cell number and net protein accumulation, the rate of cellular incorporation of 14 C-amino acids (usually L-leucine) and uridine-2-14 C increases progressively as the fraction of oxygen is reduced down to 2 to 5% oxygen. Below these levels, incorporation rates fall precipitously. Since we have not measured the size of the intracellular amino acid and uridine pools,
Incorporation of L-leucine-'iC into protein (left) and uridine-2-">C into RNA (right). Heart cells grown for
48 hours in 10% and 20% oxygen were pulsed with L-leucine-1 '<C and uridine-2-"iC for 15 to 75 minutes and the rates of cellular incorporation into protein and RNA, respectively, were measured.
we cannot state definitely whether the apparent increase in the rate of radioisotope incorporation is due to (1) increased transport across the cell membrane and into the cell, (2) changing and decreasing pool size, (3) truly an increase in the rate of protein or RNA synthesis, or a combination of these factors.
After 20 to 24 hours, the rate of incorporation of uridine-2-14 C into RNA of cells grown in 80% oxygen is significantly lower (P < 0.01) than that into cells grown in 20% oxygen ( Fig.  4) . At the same time the rate of incorporation of L-leucine-14 C into protein of cells grown at 80% oxygen does not differ from that of control cells grown in 20% oxygen. By 48 hours of growth, rates of incorporation of both uridine and amino acids into cells grown in 80% oxygen is greatly reduced.
This set of experiments suggests that impairment of uridine incorporation into rapidly labeled RNA precedes the impairment of amino acid incorporation into protein. To verify this observation, several short-term, acute experiments were undertaken in which the oxygen concentration was changed abruptly from 10 to 80% and the rates of incorporation of uridine-2-14 C and L-leucine- 14 At 24 hours and 48 hours of culture the rate of incorporation of 1 tC-labeled precursors into cells grown in 80% oxygen is compared with incorporation rates into cells grown in 20% oxygen. measured serially. Significant depression of uridine incorporation was evident by 4 hours (only 33% of control rates) ( Fig. 5 ). Leucine-14 C incorporation into protein was still unaffected by high oxygen by 10 hours.
The regulatory effects of oxygen on cell growth and protein accumulation are not specific and graded growth responses and rates of uridine incorporation were also demonstrated with cultures of fibroblasts derived from chick embryo skeletal muscle ( Fig. 6 ) and with human skin fibroblasts.
Actinomycin-D, 1-5 /ug/ml added to the medium rapidly halts uridine incorporation into the rapidly labeled fraction of RNA in cells grown at all oxygen concentrations (Fig.  7) . It also degrades a portion of this RNA fraction already formed. The percent of total RNA which is unstable and degradable, however, appears to be no greater in cells grown in 80% than in those grown in 10% oxygen. This ability to arrest in 1 to 2 minutes synthesis of rapidly labeled RNA (a large part 
Effect of abrupt change in oxygen on ur incorporation. Cells were grown in 10% O £ for 67 hours. At zero time, medium was decanted and cells were washed with warm Hanks solution. New medium equilibrated with 10% O t was introduced into the control plates (circles), which were then returned to 10% O t environment, while medium equilibrated with 80% Oj was placed in the remaining plates, which were then placed in 80% O t (triangles). At selected times (up to 10.5 hours) cells were pulsed for one-half hour with uridine-2-'*C and incorporation into RNA was measured.
Effect of 0%, 20% and 80% oxygen on uridine-2-1 iC incorporation into chick embryo heart cells (left) and skin and skeletal muscle fibroblasts (right) grown in culture for 48 hours.
of which probably represents messenger RNA) enables the gross estimation of biological half-life of the polyribosomal proteinsynthesizing system and in large part probably the rate of turnover of messenger RNA. After addition of Actinomycin-D, 5 ^.g/ml, the falloff of incorporation of a mixture of 14 grown in 20% and 80% oxygen. Figure 8 illustrates a representative experiment. The decrease in amino acid incorporation is exponential for 10 hours, and the half-life of the amino acid-incorporating system is the same for cells grown at both oxygen concentrations, i.e., about 5 hours. Thus, there appears to be no evidence that high oxygen tensions inhibit protein accumulation and cell growth by accelerating the enzymatic breakdown of formed polyribosomes or mRNA.
Effect of actinmnycin-D on incorporation of uridine-2-"iC into RNA. After 48 hours of growth in 10% and 80% oxygen, uridine-2-J 'iC was added to the medium and rate of incorporation measured in these control plates for up to 75 minutes (circles and solid line). At the arrows, actirwmycin-D was added to a second set of plates (experimental) and the amount of radiolabeled uridine incorporated into RNA was then measured (triangles and broken lines).
Discussion
The rate of cell division and net protein accumulation of chick embryo heart cells grown in tissue culture progressively increases as environmental oxygen tension falls. Under the specific growth conditions used, gas mixtures with 2 to 5% oxygen provide the optimal environment for cell proliferation and protein accumulation, not only for heart cells but for chick embryo skeletal muscle fibroblasts and for human skin fibroblasts as well. By increasing the fraction of oxygen from 5 to 80% in a graded manner, cell growth is progressively inhibited. Similar graded effects of oxygen on growth of mouse fibroblast (1) and HeLa cells in tissue, culture have been reported (2) .
HOLLENBERG
In the present study, the radiolabeled uridine and leucine experiments indicate that the earliest measured effects of oxygen occur at or before the stage of transcription of RNA from DNA and not at the ribosomal level of activity. Since the graded effects of oxygen seem to affect predominantly the rate of cell division (cell size remains relatively constant), it seems reasonable to speculate that the earliest effects of oxygen involve a process closely related to cell proliferation and possibly to DNA replication itself. Such conclusions are similar to those of Brosemer and Rutter, (1) who used mouse fibroblasts and Rueckert and Mueller (2), who used HeLa cells. In neither of these studies, however, could the inhibition by high oxygen be altered with reducing agents. Moreover, in assessing levels of high-energy phosphate compounds in oxygen-inhibited cells, Brosemer and Rutter (1) could detect no significant alterations in energy metabolism or levels of intracellular nucleotides or acid-labile phosphate to explain the observed inhibitory effects of oxygen.
Further evidence to suggest that oxygen acts primarily at or before the transcriptional level and not at the stage of ribosomes is offered by our finding that high oxygen tensions do not accelerate the breakdown of the rapidly labeled fraction of RNA already formed, nor do they inhibit the protein synthetic processes studied.
There is an increasing body of information on the effects of oxygen on various metabolic activities within the cytoplasm of cells in tissue culture (6) (7) (8) . However, little light is shed on the nuclear processes involved in the regulation of mitosis by oxygen. Whether oxygen exerts a direct effect within the nucleus or whether mitotic inhibition is mediated by some primary cytoplasmic event remains obscure.
Data from the present study are consistent, however, with several observations and theories in which mitosis is inhibited when the cell is in a relatively oxidized state. Szent-Gyorgi believes that cell division is regulated by electron acceptors such as a-keto aldehydes or derivatives of glyoxal (9) . Such substances inhibit cell division when acting as oxidizing agents; when acting as reducing agents, they promote cell division. Oxygen would favor the oxidized state of the glyoxal derivative and thus would serve to inhibit cell division. In a speculative and provocative article, Edgar (10) suggests that the ascorbate system (ascorbic acid ^± dehydroascorbic acid) plays a major biochemical role in regulating cell division. He points out that dehydroascorbic acid is an electron acceptor that is structurally very similar to glyoxal and thus would also inhibit cell proliferation. In fact, dehydroascorbic acid does appear to be associated with mitoticaHy dormant, but well differentiated, actively functioning cells. For example, in adrenal cortex, when dehydroascorbic acid concentrations are lowest, the mitotic rates are highest and hormonal function is at its lowest level (11) .
Thus, by favoring formation of dehydroascorbic acid, oxygen could inhibit cell division by a mechanism as yet unknown. Whether oxygen acts to inhibit cell division through one of the two oxidized substances mentioned above or by shifting some other redox system to the oxidized state, there are increasing data to support the concept that the presence of oxidizing substances may be an important factor in regulating cell division. What role cytoplasmic reactions play in such oxygenmodulated cell proliferative processes, and to what degree cytoplasmic-nuclear interaction occurs is completely unknown.
Supplementing the data derived from tissue culture, in vivo studies of wound healing in the rat (12) also have demonstrated an inhibitory effect of oxygen on cell proliferation. Inhalation of oxygen mixtures between 35 and 70% decreases the rate of fibroblast proliferation while increasing the rate of collagen synthesis in experimental granulomas. By 15 days, the concentration of DNA in granulomas of rats exposed to 18% oxygen is significantly higher than in granulomas of rats exposed to 35 or 70% oxygen. The above is but one of many examples of the relative antagonism between processes of cell proliferation and differentiation. Generally, rapidly dividing cells do not Circulation Research, Vol. XXV111, February 1971 elaborate significant quantities of tissue-specific proteins (e.g., collagen), whereas welldifferentiated cells which actively synthesize such tissue-specific "luxury" molecules usually do not proliferate during such synthesis. This is especially true of skeletal muscle (see below).
In view of the sensitivity of cell proliferative processes to changes in oxygen tension demonstrated in the present study, it is tempting to speculate that the low arterial Po 2 of animals and man in utero (20 to 25 mm Hg) not only favors but is essential for rapid cell proliferation and organ growth. Several authors (13) (14) (15) (16) have noted that in rat and mouse, the rate of division of cardiac cells and their uptake of radiolabeled thymidine is maximal shortly after birth and then sharply decreases during the first month of life. One wonders whether the rapid oxygenation which occurs at birth, and the gradual disappearance of fetal red blood cells (with their increased affinity for oxygen) may play important contributory roles in decreasing the proliferative rates of muscle cells in the immediate neonatal period.
While the present studies demonstrate quite clearly the striking regulation of cell growth by environmental oxygen, it is not clear upon what definite cell types this action is exerted. Although lowering the oxygen concentration stimulates the. growth of large numbers of vigorously beating groups of cells, this alone, although suggestive, cannot represent definitive evidence that a significantly different rate of proliferation has occurred in true contractile muscle cells. Many cells within the beating group may represent noncontractile cells which serve purely to conduct the electrical impulse between contractile cells. Recently, Goshima and Tonomura (17) showed that even noncardiac cells derived from human amnion could synchronize the rates of contraction of two independently beating myocardial cells when interposed between them. Since the cultures of heart ventricle cells used in the present study undoubtedly contain fibroblast, epithelial, vascular endothelial, nerve, and other cells as well as cardiac muscle cells, it is extremely difficult to quantify the growth response of just the true muscle cell. Although cultures grown in low oxygen exhibit vigorous beating throughout their period of growth, by 48 hours of culture it is impossible to quantify the composition and number of the different cell types in the rhythmically contracting cell groups. To what extent have true muscle cells proliferated?
Mark and Strasser (5) observed mitoses in beating cells in cultures of rat ventricle during time lapse cinematography. However, how frequently cell division occurs in differentiated muscle cells which have snythesized myosin and how significant, quantitatively, such mitoses are is still much debated in the literature (18) (19) (20) . Attempts to propagate a cell line in which cells can proliferate while preserving their automatic, pulsating behavior have been uniformly unsuccessful. Moreover, as mentioned above, rapidly dividing cells are not well differentiated, and this antagonism between the processes of proliferation and differentiation makes positive identification of the true muscle cell even more difficult. For example, cells involved in rapid division and DNA synthesis do not synthesize substantial amounts of "luxury" molecules or tissuespecific proteins (e.g., myosin). Thus, true cardiac myoblasts which were rapidly proliferating would synthesize little myosin and thus make identification extremely difficult. This antagonism between cell proliferation and differentiation has been amply demonstrated in the case of skeletal muscle cells grown in culture. Mononucleate myoblasts proliferate rapidly until, at some preset time, their development becomes arrested in the GI phase of the cell cycle (21, 22) . The cells then rapidly fuse to form multinucleate myotubes, after which time the incorporated nuclei cease to synthesize DNA (23, 24) . Cell proliferation ceases and processes of differentiation predominate in which the myotube begins to synthesize myosin and myofibrils. Whether similar, essentially mutually exclusive processes of proliferation versus differentiation occur in cultured heart cells remains to be documented. To date, cloning techniques and time lapse cinematography have been of limited value in resolving this problem in a quantitative fashion. Moreover, the use of phase and light microscopy to distinguish, by morphological criteria alone, nonbeating muscle from nonmuscle cells is most unsatisfactory. Even if morphological classification into F (or E) and M type cells is attempted, as Mark and Strasser did (5) , after 48 hours of culture the ratio of these two cell types becomes quite difficult to assess.
Thus the problem of quantifying the cell types in cultures of heart cells remains unresolved. Moreover, if, as is probable, proliferative processes tend to retard and repress differentiation (and synthesis of tissuespecific proteins such as myosin), then quantitative biochemical measurement of proteins such as myosin will not accurately reflect proliferative rates and processes but will reflect the reverse-the stable, differentiated state.
